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ABSTR-4C T 

8 -4 study or' bas ic  frequency-rr-odulation te lemet ry  t ransmi t te r  cordigu- 
ra-,lons suitable for use in the 1- to 2-GHz frequency range is presented. 
i x  ?L:?ose 0: thLs study is to es ta3l ish the framework within which a 

' C e : ~ : ~ c c  analysis of the sys tem requirements in  t e r m s  of corr,?osents, 
z c c -  
il>c sy3;2ni ?c=iorrr,ance when irn$err,ented ir: integrated circuitry.  The 
sr,c;- ir,c:ucss r;he objective speciiicztions, bandwidth determination, A F C  
CG;:-,L-S~ sys re lm p r a m e t e r s ,  and a discussion oi eleven basic  configurations. 

m y  
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ULS, ;LC devices can he mace wi-,h tke objective of deixonstrating 
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-4 s;cdy o i  Solid-State Ir,tegra:ed Mic-owave Circuits,  under the 
c7?ncn--’-:, 2 A . - A a  ,: P.7 CL- L I I ~  Elccirofiics f lesearch  Center of the Sational A-eronautics 
a d  S ~ z c e  Xaministratioc, is being performed by Texas Instruments 
I n c o r p r a t e d  under Contract NAS 12-75. The objective of this contract  is 
to per form the analytical study of solid-state integrated microwave circui ts ,  
tec;hr.iq e s ,  z:8 c e m p n e n t ~  necessary ‘io acc;urdreiy define the prooiem 
a rzas  ~s sociatec wit5 integrated circuits when various combinations of 
acIive and passive circui t  elements a r e  required to pe r fo rm a complete 
c i rcci t  iuLctio:l E: microwave frequencies. 

In 3 “ 7 - - ‘ ’ - ”  ,-s,aAAce 02 t . z s  objective, 1 5 s  re;jort preser.ts t he  res -dzs  of 

. -  

- - .  

work pitrior,-ned zncer :he secocd of iour izems of the work staterxer,t. The 
; jerFcc covered is  15 Decemher 1965 t h r o q h  14 *March 19.66. This secoxd 
i ~ s k  is cor-c?rneC with tke se:ec:ion oi basic F,M telemetry tr i insmitter 
corLigurations capable of demonstrating the problems associated with micro-  
wave integrated circui ts  at par t icular  frequencies in  the region between 
1 CIiz allci 2 GEz. 

Separate  sections of the report  ?resent discussions of the objective 
s?eciiicatiocs, the bandwidth reqEirements, the automatic-irequency-control 
s)-ster;l parzr .a ters ,  rke indirect  ana direcr. F M  techniques, and an azalysis  
oi c !  dven basic  d i rec t  FM transmi t te r  coni-igurations. - -  
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s~cT:os  I 
3 O D U C f  I G S  

- A -3.. LLe,it y e a r s ,  t h r o u g h  app l i ca t ion  of t h e  i n t e g r a t e d  c i r c u i t ,  g r e a t  
str-$es have b s z n  mzde in  d ig i t a l  s y s t e m s  d e s i g n e d  for tine s p a c e  e n v i r o n m e n t .  
1rA?rs\-exetxs  nave  been m a d e  in  p e r f o r m h n c e  r e l i a j i l i t y ,  r e d u c t i o n  of s ize  
- * */ \t'? - t n t ,  - ' and redii.ced p r : ~ . z r y  p x ~ s r  req,;rcmenE. i n e s e  i rn? rovemen t s  
r.a\v L??Czir :o be fezstblz ir: :he m i c r o w a v e  i rec_uency  r a n g e  throag:?  t h e  c;se ~i 
izzb3:-CrC2d c i i - c ~ i t r y  t s c h c i q c e s  spec i i i ca l ly  designed f o r  t h i s  i reqi ;er ,cy r a z g e .  

-. 

- 
1' r eq i i ezcy  

2 re2';ency s t a b i l i t y  

X o d d a t  i on  

- 

T y p e  

L i n e a r i t y  

B a s e b a n d  

Sens i t i v i ty  

D ev iat ion  

Input i m p e d h n c e  

0 Lt put impeda nc e 

Power output  

3 C  input  

F M  a r ,d /o r  FSK 

17~ for FAM 

2 KTIzto 1 MHz 

0 . 2  v o l t s  rms/100 KHz 

kl.5 MHz 

600 o h m s  

7 3  0:??.3 

1 . 0  t o  5 . 0  w a t t s  

-24.5 v o l t s  



IC c h i s  i t  ;&y,  i ~ i l ~ w i z g  ;c;l ~ n ~ l y s i s  v:  ne lundamentai considerations 
i:xTai\-zE, a r . 2  isrz1y large set of basic  block diagrav-s of FM t e lemet ry  

clc-?sr:y i n a Z e q a t s  w k h  rzgarc? to m e e t i n g  the performance specifications 
I : s ; ; ~  a ~ o v e  were  elimicated. Alsc! >lirr,inztcc? were  t b s e  sys iems Iuccla- 
rnPz:zAAy ia?able  of meetirLg t he  speCiiicatiGils but having objectionable 
; 3 2 r i ~ - . : i ~ n c e  charac te r i s t ics .  T h s r e  was no z.rterr,pt to  prejudge tne c i rcu i t ry  

- .  e r  c3nr ;gara t ions  have beer. investigzted. Ti;;se sys tems i k t  were  

1 -  r -  1' 

.. 

- -  ~ ~ - v c s : : ; z : i ~ ~ s  to 3 e  per io rmed  ::I t h e  nzxt p k s e  of tnis study program,  
:oz. * - , - -  -:Ad' :-~'~son four basic  approaches t o  the design oi t h e  t r ansmi t t e r  k v e  

ar.d 

3cer .  s?l;.sted :or i u r t h e r  analysis in :he nex t  phase .  These  a r e  reviewed i n  
r:?c sc lz :xary oi Section II. 

2 



. 
z a s i c  Fh: traiism:;ier Co:?ii:ara:ions m a y  se  cl i iss l i ieci  a c c o r d i n g  t o  

t h z  ---;.:.:ad 0- g z n e r a t i n g  t h e  f r e q u e n c y  modula t ion-d i rec t  or i n d i r e c t  -and,  
if dtircit,  a c c o r d i n g  t o  t h e  m e t h o d  of a c t o m a t i c  f r e q u e n c y  c o n t r o l  ( A F C ) .  T h e  
indii-zct  mi.t;?od e m p l o y s  p h a s e  m n i i d 3 t i a ~  h;ld reqdires t n a t  t h e  modu la t ing  
s : g z ~ ~  ~e :r_tegrated s o  t h a t  f r e q i e c c y  rnoddalioii  m a y  be produced.  by t h e  
p h 2 . a ~  z:oc,hior. S ince  o~ly a small arnol;r,t 05 p h a s e  dev ia t ion  c a n  be obzained 
i n  rLaLc;atar, a l a r g e  amocr.: oi I r eque -cy  rr .ul t ipl ic~t :on is needed  t o  
~ r s L u c z  ::?e I - eqc i r ed  f r e q u e n c y  deviat ,on.  In t h e  spec i f i c  c a s e  cinder invest i -  

3: ;2:--~i::; :h;s ;mount ~i multip1iczt:on 2.22 the fii:erirA; r c q u i r e m e c t s  
as5oc:~:cd u ~ t ' n  t h e  spi;rlccs s i ~ z a l  su2pres s :oc  ;cad  ln?.zediatefy t s  :be 
rz jei ; -J :?  oi :he i::direc: method oi i reqdef icy  madulsltion in f h V G r  oi t h e  direct 
r=?er,oc. 

7 .  . 

- _ .  
* - - -  - - d _ _ ,  - LL-~L::?-:ca:iori rLY-33 3 2  t k e  3 r Z e r  si Z3GG z r e  nezded .  T h e  F r o b l e m s  

?. - ~ c v e r a :  of the  d i ~ e c t  T M  techr,iGues a re  not c a p a S l e  of m e e t i n g  t n e  
p e r i c j r - a n c  e r e q u i r  e m e n t  s . T h e  v o l r a g e  -cont r o i l e d  c r y s t a l  o s c  i l l a t  o r  { VC X o )  , 
f o r  c:SL.x-nple, does not al low &via t ion  r a t e s  z u c t  g rea t e r  t k n  100 KHz,  w h i c h  

SLP- 2:; -.-Ad u ocld be an :deal s ~ : ~ t i o c  ta thc: probiem it is funda rnec ta l ly  

Y.L;;~- ---&-'L 3ys:zrn. B e c a c s z  oi t h e  ?33r c e n t e r - f r e q a e n c y  s t a b i l i t y  of :ne 
d.sc---.:---~a:cz (aSoat 5 0 . 2 5  2el-cer-t l a z ~  te rm) .  1'h.e c e n t e r  f r e q u e n c y  ~i t h e  
LA3i---.i--.:a~or xes: S e  l s w  i n  order isr  t h e  c . - : ~ ~ t  i:ec;~er,cy ta be main ta i r ,ed  
v,-::-..: =u. t u 3  ? ( - ~ ~ s e r i f .  Cn t h e  O I L ~ ~  hazd, beca i l s e  of t h e  p o a r  s t a b i l i t y  of 
:::L . - r . ~ s ~ ~ ~ ~ z s & f i e c  vo l t age -coa I ro I l ed  osicilktGr (VCO),  t h e  bandwidth  of t h e  
C:3C:,:-zi,-iatcz m a s t  b e  wide .  T h e  cornbined r e q a i r e m e n t  d i c t a t e s  t h z  need  for 
L G ~ s c ~ - ; m ; r i z t ~ z  naving a bandwicith e q u a l  t o  a p p r o x i m a t e l y  t w i c e  t h e  c e n t e r  
frcc-:~:cy; this is, oi course, i m p r a c t i c a b l e .  Still a n o t h e r  example is t h e  

I s  Lornkined w i t h  t h e  uns t ab le  VCO f requency .  T h e  ratio o r ' t h e  stable f r e q u e n c y  
t G  Zie  u z s t a b l e  i r e q u e n c y  is made l a r g e  t o  m i n i m i z e  t h e  eifect oi t h e  i n s t a b i l i t y  
oi t h e  VCO or: t h e  outpct i r e q u e n c y .  i n  Sec t ion  IV.  D, it is shown  t h a t  t h e  
c o m S i n e d  r e c - c i r e m e n t s  of modu la t ing  s p e c t r u m  bandwidth  a n d  t h e  r a t i o  of V C O  
c e n t c r  f reqcc--cy t o  dev ia t ion  f r eqcency-even  for p o o r  m o d u l a t i o n  l i c e a r i t y -  

- 

.. . -  . .  ,- -3  -CY _ -  S Z ~ O M  the 1 ,MEz s??ciiled, TkCls ,  a l : h ~ ~ g , h  t h i s  system. is conceptilaA.y 

. -  _ _ _ _  ~ __  ,cy..L u: .r,ee"ng ;?IC' reqn;rements .  Ar,other ~xhi:-~?le is t h e  s imple discrimi- 
. .  

- -  _ _  
-- c 

- - - -  

3i'; 2 - r . r n e  fiec'nnique w h e r e i n  a s t a b l e  c r y s t a l - c o n t r o l l e d - o s c i l l a t o r  f r e q u e n c y  

C & G S E  - c . - ~  - - G L Z ~ L : ~  c e n t e r  i r e q ~ e : ~ c y  sxa-n; l i ty  10 be g r e a t e r  t h a n  ~ 0 .  O C >  p e r c e n t .  

ca?G;lz ci r. ~ : n g  The perio:-.mzrice s2ecii:c;-t:ons, tneir  A F C  chdrhi:er1siiCs 

F-7 - \ J G  o f ~ . c T  systems have been c : i z ina t ec ,  d1;hou;h t h e y  a r e  fc1r.d:~xez::-~1)' 

- L~k:?il;r: r e g i o n s  of pos i t i ve  feeci.>Lck. T h e s e  :\\ <, ,re called t h e  dua l -osc :Uator  
- T  s ' r 7 1 c - 2 ; x e r  - L A 3  IAFC sys;er?? and t h e  dua l -osc i l l azo r  g a t e d  -45-C t y p e  L A  s y s t e m ;  

L11cj' LI-C Sisi:dss5ec! in  S e c t i o n s  IV. €3 a n d  IV.  J r e s p e c t i v e l y .  A p u l s e - d i s c r i m i n a t o r  
s y s t e m  c i i s cussed  i n  Sec t ion  IV. F h a s  b e e n  e l i m i n a t e d  for f u r t h e r  i n v e s t i g a t i o n  

L .  









i 
A O  io f ih io i 2fh f, i4f7 r, 

S.5!!5 0 , 5 5 7 9  0 . 2 3 2 1  0. C6iO 0. G ! l b  

.. ._ 
A * -  - 3-x - Y - ~ ~ - O ~ - : ~ C T - D  c r l ~ e r i z  n o r ~ 2 2 - ~ ) -  ap;tlic-?d, 
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Figure  1. STectral  Distribution 
nf a C a r r i e r  Frequency Modulated 

by Noise i o r  a Ratio of RMS 
Frequz. icy Deviatior, to IMaximum 

Maddat ing Frequency, 
i,,of 0. 5 and 0. 7 

---- i a.ole 11. Bandwidth Containing 

For a peak f r equency  deviation of 1. 5 MHz, 
the two-sigma case corresponds to an 
r m s  deviation o i  0. 75 MHz hnd the three-  
s i2r -a  case corresponds to an rrns devi- 
ztior, oi S. 5G X.iiiz, With the maximum 
modulating frequency specified a s  1. 0 
MHz, the ra t io  of the rms deviation to the 
maximum modulating frequency f o r  
the two cases is 9. 75 aid 0. 50. 

The power spec t ra l  densit ies f o r  
these two cases  a r e  shown in Figure 1. 
(There is a negligible difference in  
the densit ies f o r  the deviation r aL '  L l O S  

oi 0. 7, one of Medhurst 's  ca ses ,  and 
0. 75, one of our cases .  ) With the 
curves of Figure '1, a graphical inte- 
gration of the ta i ls  of the spectrum 
was performed f o r  determining the 
bandwidth containing all but 0. 1 per -  
cent of the power i n  the modulated 
waveform. F o r  the two cases  
investigated, the required R F  band- 
width (Table 11) is *2. Ofh and *2. 6ih. 

F o r  the p u p o s e  of establishing 
useful design c r i t e r i a ,  we will requi re  
that all c i rcu i t ry  through which the 

. 9  Percent  of the Power of a 
C a r r i e r  Frequency Modulated With W h i t e  Noise Having Maximum 

Modulating Frequency+ fh 

Fpeak 

f h  
Bandwidth 

0.  5 

0. 75  

a k f  - 1. 0 MHz h -  
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ne;:: s-;a;eG i n  :he discussion o i  Table 1; i o r  exan?,;3!e, :jre c,;LIidwidth should be 
&{I., o r  S. 3 1iHz. This \ \ i l l  ensure  negligible distortiorl o i  the t ransmit ted 
n-ave. y-Ia\vslyer, i o r  c i rcu i t ry  used orily i n  t h e  AFC ioop, where the only 
reci:;:-e:ne:-i: is ior  some device ( fo r  example, a discrin?inator) to have an 
ax-erage o(::FGt l inearly related to the average R F  frequency, we may choose 

LO S e  modulazed with a noise baseband. Thus, the bandwidth of these circui ts  
A-n~s: be broad enough to cover the *2.  6fh o r  5. 2 LMHZ plus additional band- 
\x.ldrh zo aiiow ior oscil lator tolerance and dril'ts. 
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+:- &..C 3 .- ,&.are coriservative o€ the bandwidths derived i rom considering the c a r r i e r  

-. ? PCL</FM 

The PCh\I /Fhl  power density spectrum for a large ratio of c a r r i e r  
irec_~e::cy to  bit ra te  {this holds in our specific case )  h a s  been derived in 
c:oseG mathematical  f o r m  by assuming a razdom sequence of binary FM 
s-s::;.s :n the f o r m  of two equally probable f requencies  with continuous phase - ,AdLAsizion. >. - ,. 

F i g ~ r e  2 is a typical example of the results of these computations. The effect  
a i  ?remodulation fi l tering has  been considered using a n  approximation. 4 

1 .  

F r o m  this work, computations of the bandwidth required to con- 
---._) apzcified percentages of the total spectral  power have been made. 3 

For optimum detection of PCM/FiM, deviation rat ios  on the o rde r  of 
2. 7 :a 3. 8 a r e  used, where deviation rat io  is defined as the peak-to-peak deviation 
cis-idedby t k e  t i t  rate.  F o r  this specific case,  and making full use of the 1. 5 MHz 
,cak irequexcy deviarion, data r z t e s  on the o r d e r  of 3 .  75 X L u to 4. LO A i V U  bits pe r  
s e ~ o : - ~ C  wou;ci Troduce the rrLaximurn bandwidth rec;uire,ment. Fo r  lower data r a t e s ,  
::-.c ?eaX deviation normally would be reduced. Fo r  digital t ransmission,  it is 
~ , A ~ i : ~ : ~ : ~ t  to specify that the R F  bandwidth io r  the t ransmi t te r  shall  include 99 
?eZc&i i l t  ijf 5.e power in  the modulated wave. Curves based on work previously 
rs iersr ,ced were  used to obtain the resu l t s  oi Table III. 

7 ..c, -.n \ I .  - L  
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T a j l e  111. Bandwidth Containing Specified Percentages of the Power 
in a C a r r i e r  Frequency Modulated With a Random Binary 
Data Sequence With and Without Premodulation Fi l ter ing 

Percent  of Power Without Premodulation F i l t e r  W i t h  Premodulation Fi l ter* 

Deviation Ratio = 0. 7 (2A Fpeak/fb)  
fb  = 4. 2 8  x l o 6  bits p e r  second 

90 0. q h  <b = 4. 1 2  XlHz 
99  1. 79  ib = 7. 67 MHz 1. 6 0  = 6 .  86 hlHz 

0, 97 fb = 4. 16 h!Hz 

Deviation Ratio = 0. 8 
fb = 3. 75 X 106 b i t s  per  second 

90  1. 01 fb = 3.  79 MHz 
99 1. 94 fb = 7. 27 M ' r Z  1. 78 fb = 6. 67 MHz 

1. 01 fb = 3 .  79 5";z 

:$Gaussian low-pass filter with 3-dB cutoff at the bit rate 

1 A  
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MTe may now compare the bandwidth requirement  f o r  PCM/FM 
with the requirement  f o r  l inear  FM previously established. F o r  signal c i rcui ts ,  
we requi re  that the bandwidth be  l a rge  enough to contain 99 percent  of the 
? ~ - ~ v e r  ic t h e  modulated wave. F r o m  Table 111, we note that the maximum band- 
\vidth cofidition occurs  for  a deviation rat io  of 0. 7 with no premodulation fi l tering; 
:kis baridwidth is 7. 67 MHz. F o r  the l inear  case,  8. 0 MHz is needed and 
establishes the requirement. F o r  A F C  circuitry,  it  is  sufiicient that 90 percent  
of the signal spec t rum be passed. F r o m  Table 111, the l a rges t  bandwidth a l so  
occur s  i o r  a deviation rat io  of 0. 7 with no fi l tering; this bandwidth is 4. 16 MHz. 



* F o r  the l inear  F M  case ,  this requirement i s  5. 2 MHz and s a l so  the l a rge r  
of the two values. Accordingly, the bandwidth specifications a r e  8, 0 MHz 
fo r  signal c i rcui ts  and 5. 2 MHz f o r  A F C  circuits.  

B. INDIRECT FREQUENCY MClDULATiON 

Basic  FM t ransmi t te r  configurations may be classified according to 
the method of generating the frequency modulation-direct or indirect-and, 
if d i rec t ,  according to the method of AFC. The advantage rrf the indirect 
method of F M ,  wliich is accomplished by phase modulating a n  oscil lator 
with the integral  of the basic modulating signal, is that no AFC is required,  
This r e su l t s  f r o m  the f ac t  that a c rys ta l  osci l la tor  may be easi ly  phase 
modulated. The disadvantage is the large amount of multiplication usually 
required following the phase-modulated oscil lator in  o rde r  to build up the 
required frequency deviation in  the output modulated wave. Whether the 
indirect  F M  approach is feasible  depends on the amount of. multiplication 
required with the attendant circuit  complexity in  comparison with other 
approaches. The following analysis establishes the amount of multiplication 
required. 

In frequency modulation, the modulating signal V(t)  modulates the 
c a r r i e r  A, cos o C t  such that the resulting modulated wave is 

t 
h.lf(t) = A, COS [ a c t  t K I J  V ( t )  d t ]  

Mp(t) = A, cos  [a .t t $(t)] 

(1) 

where K i  is a constant having the units of radians/second/volt .  Similarly,  
the expression f o r  a phase modulated wave is 

(2) 

where d(t) is the instantaneous departure  in the phase of the modulated wave 
f r o m  the phase of the unmodulated wave. Thus, if frequency modulation is 
to be accomplished with a phase-modulated t r ansmi t t e r ,  cb(t) must  be [ f r o m  
equations (1) and (2)] 

t 
$(t) = K1 J v ( t )  dt (3 )  

This integration is performed by a c i rcu i t  before the modulating signal reaches  
the modulator. For the l inear  F M  case,  the modulation may be considered to 
be  a simple sinusoid of frequency fm. 

V( t )  = Am COS ~ m t  (4 1 
Substituting Equation (4) in Equation (3) and performing the s imple integration 
yields 



Returning to Equation ( l ) ,  we note that the instantaneous frequency W i is given 
by 

W i  = W C  t KlV(t)  

W i  = W c  + KIA, COS Wmt 

( 6 )  
Substituting Equation (4) in  Equation ( 6 )  yields 

( 7 )  

If the amplitude A, in  Equation (4) corresponds to ful l  modulation, from 
Equation (7) the r e su l t  is 

KIA, = 2 z A F  ( 8 )  

where A F  is the peak frequency deviation. Substituting Equation (8) in  Equation ( 5 )  
yields 

s in  wmt ( 9 )  
A F  

4(t) = - 
f m 

f rom which the peak phase deviation i s  obviously 

A F  @ = -  
f m 

The n-7-1.axirnum value of Equation (10) occurs fo r  the lowest modulation frequency 
to be encountered, f, = fp  , For this specific c a ~ e ,  with A F  = 1.5 MHz and 
fp  

i f  the distortion is to be held to a low value; a typical value is 0. 3 radian. 
Thus, a multiplication of 750/0. 3 = 2500 is required in  o rde r  to  achieve the 
des i red  frequency deviation in  the output signal. When the multiplication fac tor  
is this high, frequency translation (down conversion) i s  necessary  and is 
typical of the indirect  method of frequency modulation. A block diagram of 
this type of t ransmi t te r  is shown in Figure 3. 

= 2. 0 KHz, the peak phase deviation is 750 radians. 

Only a smal l  amount of phase deviation can be obtained in  the modulator 

The la rge  amount of multiplication necessary with attendant spurious 
signals f o r c e s  the use of stable, narrow bandpass f i l t e rs  as inters tage elements  
o r  bandpass f i l ters  in  combination with a phase-locked loop. An additional 
problem with this sys tem is associated with the integrator.  This c i rcu i t  mus t  
function a s  a n  integrator  over  a frequency range of 2. 0 KHz to 1 .0  MHz, a 
range of nearly nine octaves. The indirect  method of frequency modulation 
is par t icular ly  unsuited to implementation in integrated c i rcu i t ry  because 
of the relatively la rge  number of multiplier s tages  and narrow bandpass f i l t e r s  
needed. Fo r  these reasons,  it has  been rejected in  favor  of the d i rec t  FM 
approach. 

C. DIRECT FREQUENCY MODULATION 

A variety of basic configurations of direct  frequency modulation t rans-  
mi t t e r s  a r e  discussed in  Section IV. Almost all of these a r e  alike in VCO, 
the d r ive r  s tages ,  and the power amplifier.  They d i f fe r  in  the method of 
achieving AFC.  Even so, the bas ic  requirements of open-loop gain and the  



, 

MODULATOR MOWLATION + I PrrEUlAfOR - CRYSTAL 
OSC ILLhTOR 

MULTIPLIERS MIXER 

CRYSTAL r-l OSC l L U T O R  

w * i 

OUTPUT POWER 
AMPLIFIER MULTIPLIERS _1+1 DRIVER 4 

Figure 3. EM Transmitter-Indirect  Method of Modulation 
9. 

cutoff frequency of the low-pass f i l t e r  through which the e r r o r  signal passes  
before applying compensation to the VCO a r e  essentially the same. The open- 
loop gain determines the fractional correction which can be applied to the 
uncompensated VCO center  frequency. The open-loop gain and the cutoff 
frequency of the low-pass f i l t e r  determine the charac te r i s t ics  of the sys tem 
in  its speed of response and amount of modalation distortion. On the one 
hand, we des i r e  a f a s t  response to minimize the effect of a changing 
environment, but on the other hand, we need a relatively slow response to 
avoid distortion of the modulation. The general requirements are reviewed 
here  and specific requirements for particular A F C  sys tems are reviewed 
in  the following section. 

1. Open-loop Gain 

A l l  the A F C  sys tems function essentially as shown in  Figure 4A. 
The instantaneous output frequency is compared with a stable re ference  
frequency and an  e r r o r  voltage derived. This voltage is passed through a 
low-pass filter to remove modulation components and then applied to the 
VCO to reduce the e r r o r  in  the center frequency of the VCO. The e r r o r  
voltage may be obtained f rom a discriminator operating with a mixer  and 
the multiplied output of a c rys ta l  oscillator, o r  f r o m  a discr iminator  with 

. the input switched between the signal and the reference,  or f r o m  some f o r m  
of pulse discriminator.  The resul t  is basically the same  i n  a l l  cases. 
Figure 4B shows this basic loop with the summing junctions and t r ans fe r  

- functions of the operating elements. ( a ' s  denote the time domain quantities 

I & 
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Figure  4 .  Basic A F G '  Loop 
, -  

and R's the  s-domain quan t i t i e s . )  The output frequency Wo is the s u m  of the 
VGO uncompensated center  frequency, L+; the  open-loop component of the  
instantaneous frequency due  to the modulation, Up; and a compensation term 
obtained by comparing the output of the VCO with the re ference  frequency, +. 
Also ,  K1 is the VCO constant expressed  in  radians/second/vol t ,  and KZ is 
the d iscr imina tor  constant expres sed  in volts/radian/second; K3 is dimen- 
s ionless  and includes the gain (loss) of amplif iers ,  frequency conver te rs ,  
the f i l ter  and summing junctions. The t e r m  G(s) includes the frequency 
var iant  par t  of the open-loop t r a n s f e r  function, the most significant par t  
of which i s  the  low-pass filter t ransfer  function. In F igure  4C the  var ious  

- gains have been combined into a single dimensionless gain constant,  K. 

- 
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The closed-loop response for the s imple sys tem of Figure  4G i s  

no = 9, + np f KG(s)Rr 

1 t KG(s) 

If the  low-pass f i l t e r  is a single section RC network and the 3-dB cutoff  
frequency is ve ry  much lower than other  c i rcui t  e lements  in the sys tem,  w e  
have 

1 /RC: 
S t ( l / R C )  G i s j  = 

Substituting Equation (12) in  Equation (11) (noting that WV and W r  are constants 
and employing the final value theorem) ,  w e  obtain the steady-state solution 
of Equation ( 111, with no modulation: 

W V  +- KUr 
1 t K  1 t K  

wo = - 

Equation (13) may be a r r anged  to yield 

1 + K  

Equation (14) shows that the output frequency differs  from the  
. re ference  frequency W r  by a n  amount equal to  the deviation of the  uncompensated 

'JCO frequency from the re ference  divided by the open-loop gain (for K >> 1). 
Unfortunately, the r e fe rence  frequency itself differs  f r o m  the assigned output 
frequency. The combined effect of t he  stabil i t ies of the two osci l la tors ,  VCO 
and re ference ,  produces an  output stability [ f rom Equation (14)J of 

All  frequencies a re  a s sumed tobe  approximately the same, where  d o i s  
the output frequency stabil i ty in  percent ,  bv the VCO frequency stabil i ty in percent ,  
a n d d r  the re ference  oscillator stabil i ty in percent. It is, of course, evidentthat the  
w o r s t c a s e  occurs when b r  and bV have the  same sign. Rear rangement  of Equation(l5) 
yields 

6v - 6 0  K =  
'60 - ii r 

A value of 6, = 2 percent  should be allowed to  cover all changes 
in the VCO frequency, including initial manufacturing tolerance,  var ia t ions 
due to  tempera ture  as well  as aging effects. Since the ult imate objective i s  
t o  provide an  extremely small t r ansmi t t e r ,  the c r y s t a l  used will probably 
have a combined tolerance and long-term drift  of *O.  002 percent.  The com- 
bined effects  of these two oscillators on the output frequency determine the  
value of K required to meet  the output frequency stabil i ty specification of 
-0.005 percent.  Substitution of t h e s e  values  in Equation (16) shows that t he  
requi red  value of K is 667, or 56.5 dB. Equation (16) is plotted in Figure 5 
for a range  of parameter values  normally of interest .  The  main thing to note 

., 
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f r o m  this f igure is that there  i s  little point in improving the stability of the 
referenced oscil lator if the VCO stability is poor and the open-loop gain is 
low. However, as VCO stability is improved and open-loop gain increased ,  
the output frequency stability becomes more  dependent on the re ference  
oscil lator stability. Under these  conditions it becomes des i rab le  to  improve  
the re ference  oscillator stability. 

2. Low -pass Fi l t e r  Cutoff Frequency 

Unfortunately, the c Inted-loop AFC system iiiirodures distortion 
into the modulation component of the output. Returning to  Equation (1  l ) ,  we 
note that  t he  closed-loop t r ans fe r  function for the  modulation component is 

RoP = 1 

QP 1 i- KC(s) 

where Rp is the  t r a n s f o r m  of the  open-loop component of the instantaneous 
frequency due to modulation and nop is the t r a n s f o r m  of the closed-loop 
component of the  instantaneous frequency due to  modulation. With the 
applied modulation a simple sinusoid, we obtain 

Up = KlV(t) = A W s in  wmt (18) 

where A W  is the peak deviation d u e  to  the modulating sine wave of frequency Wm, 
Substituting Equation (12) and the t r ans fo rm of Equation (18) into Equation (17) 
and taking the  inverse  t r ans fo rm,  we obtain the steady-state component of the 

l 

I 

instantaneous frequency due to modulation: 

w O P S  = '*[ L(1 + K)w~]' t ( W &  s in ( wmt  + 8) (19) 
( w 3 ) 2  i. 

where W 3  = 1/RC, the  3-dB cutoff frequency for the low-pass f i l t e r ,  expressed 
in rad/s. When Equation (19) is compared with Equation (18), w e  see that  
Erequency-dependent amplitude and phase terms have been introduced. These 
represent distortion of the des i r ed  modulation as given by Equation (18). 

Smplitudes of Equations (19) and (18) is 
The amount of amplitude distortion given by  the  ratio of the 

(attenuation i n  dB) ( 2  1) 

hspec t ion  of Equation (21) shows that LY approaches 0 dB as the modulation 
'requency is increased.  Thus,  the effect of the closed-loop AFG s y s t e m  is 
.o introduce a droop in the response a t  the low-frequency end of the modu- 
lation baseband. Equation (21) is plotted in F igu re  6 for t h r e e  values  of 
attenuation. For our  specific c a s e ,  we a s sume  that  a 0.1 -dB droop in  the  
response at the lowest modulation frequency, 2 KHz, c a n  be allowed. Wi th  
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- Figure 6 .  Ratio of the Modulation Frequency f, to the 3-dB Cutoff Frequency 
of the Low-pass Filter f 3  as a Function of the Open-loop Gain K for 

Three Values of Attenuation of the Amplitude Response at f, 
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the loop gain previously se t  a t  667, the 3-dB cutoff frequency of the low-pass 
f i l ter  i s  1 f r o m  Equation (21)] 0.46 Hz. This is not the limiting c a s e ,  as will 
be seen. 

The phase shift introduced into the modulation by the closed-loop 
AFG sys t em is given by Equation (20). This phase function must  be ei ther  
negligibly small for  all frequencies ac ross  the baseband o r  it mus t  b e  a 
linearly increasing function of frequency. Any depar ture  from linearity 
introduces time-delay distortion. Fur thermore ,  the phase angle must  be 
ze ro  for z e r o  frequency, il' zero iniercepi distortion is to  be avoided. This 
zero-intercept  c r i te r ion  may be ignored for a baseband consisting of 
modulated subca r r i e r s ;  it cannot be ignored when the baseband cons is t s  of 
an unmodulated signal such as video. 

Inspection of Equation (20) shows that the phase angle is z e r o  at 
z e r o  frequency, but it also approaches zero for  high modulation frequencies.  
Using a series expansion fo r  the arctangent function, we may rewr i te  
Equation (20) as 

Kw3 1 Kw3 
urn 3 urn 

B "- -4-) r a d  

where  O m / O 3  >> 1, K >> 1, and Wm/KO3 > 1. In  general ,  the  contribution 
of the second term on the right-hand side of Equation (22) is quite small ;  
higher-order  terms have been neglected. Since f l  will  be essentially z e r o  
for the highest modulation frequency of interest ,  we would p re fe r  that  it 
be z e r o  f o r  all frequencies. Investigation of the derivative of Equation (20) 
shows that the maximum phase shift occurs  when 

- -  urn - m 
w 3  

Substitution of Equation (23) into Equation (20) gives the maximum phase shift: 

Even for smal lva lues  of K, s u c h a s  K = 1OO,@mu = 78 .5  degrees .  S u c h a l a r g e  
phase shift cannot be tolerated. The maximum phase shift occurs  at ava lue  Ofum/O3 
much lower than we can  allow. Thus,  for our purposes the relative maximumvalue 
of @ w i l l  occur  at the lowest modulation frequency of interest .  

To minimize the effect of t ime delay distortion, the following c r i t e r ion  
is  used: the variation of phase shift across t he  baseband f r o m  the bes t  straight-l ine 
fit cannot exceedthe equivalent of*r/2 r adians phase shift at the highest modulation 
frequency. Unfortunately, the grea tes t  departure  f r o m  the best straight-l ine fit- 
which is actually zero phase shift for  all frequencies-occurs at the lowest frequency 
where the equivalent of * ~ / 2  radians at the highest modulation frequency is small. 
The allowed value ie 

- 



where Bn i s  the maximum value of phase shift  
frequency, and Wp and Oh are the 1 owest and the highest modulation frequen- 
c i e s  in the baseband, respectively. Investigation shows that the second t e r m  of 
Equation (22) may be neglected. Substituting Equation ( 2 5 )  into Equation (22) 
and U t  fo r  Wm i n  Equati on { Z Z ) ,  we  obtain 

allowed at  t h e  lowest  modulation 

This equation is plotted in Figure 7 for  severa l  values of the open-?osp gzin K. 
For the specific c a s e  of interest ,  K = 667 ,  f p  = 2 KHz, fh = 1 MHz, and the 
3-dB cutoff frequency f o r  the low-pass filter is 0.00942 Hz, approximately 
0.01 Hz. If the cutoff frequency is made higher than this value, excessive 
t ime delay distortion will resul t .  

Depending upon the exact s t ruc ture  of the video baseband signal, 
it  may be  possible to  increase the 3-dB cutoff frequency. If this baseband 
signal i s  s t ruc tured  s imi la r  to a conventional television signal, it i s  only 
necessary  that the c r i te r ion  discussed above be met for frequency components 
at  the line r a t e  and above. Fo r  lower frequency components, only the s tep  
response i s  important. Too much droop in the s tep  response fo r  a period 
equal t o  the lowest modulation frequency involved produces shading down of 

- the reproduced picture. 

Using the  t r a n s f e r  function of Equation (17) and the  same single 
section low-pass f i l ter  whose t ransfer  function i s  given by Equation (fZ), 
the s tep  response can be shown to be 

- 1 t K exp [-(1 t K)w3t] 
1 t K  *opt - 

Since the lowest modulation frequency is 2 . 0  KHz, we a r e  concerned with 
the amount of droop in the s tep  response a f t e r  a t ime of 250 p s ,  one-half 
period a t  2 .0  KHz square  wave. Based on  Equation (27), the required 
3-dB cutoff frequency as a function of the open-loop gain K for var ious 
amounts of droop i n  the s tep  response has been determined (F igure  8). 

equivalent of 0.5 dB. With the loop gain set a t  667, a low-pass cutoff 
frequency of 0 , 0 5 5  Hz produces 0.5 dB droop. 

. 

In general ,  5- t o  6-percent droop can  be  tolerated.  This is the 

Table IV summar izes  the resu l t s  of th i s  analysis  of the requi re -  
ment for the low -pass  fi l ter .  Clear ly ,  time-delay distortion considerations 
establish the requirement for  a 0.01 -Hz cutoff frequency. 



Table IV. Low-pass Filter 3-dB Cutoff Frequency Requirement for 
Three Different Modulating Signal Characteristics 

Required 3-dB cutoff 
C haract erist  ic Specification frequency for 

low -pass fi lter 

Xesponse i o  a sine wave at 0 . :  dB down 
the lowest modulating 
frequency, 2 . 0  KHz 

Time -delay distortion 
across  total baseband 

Step response 

0.35 Hz 

250 ns 0.01 Hz 

0 . 5  dB down 250 ms 
after step 

0.05  Hz 
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Figure 7 .  Ratio of the Lowest Modulation Frequency fa to the 3-dB Cutoff 
Frequency of the Low-pass Filter f3 as a Function of the Ratio of the 
Highest Modulation Frequency fh to the Lowest Modulation Frequency 

for Four Values of the Open-loop Gain K (Allowed Time-delay Distortion: 
One-quarter Period at the Highest Modulation Frequency) 



c 1 0  

N 
t- 
K 
w 
I v 

c3 
L 

: 1 0 -  

-I 

2 

1 

-2 

2 

1 

1 .5  2 2 . 5  3 A 5 6  0 10 

K (X lo2) 
1 

35726 

Figure 8. 3-dB Cutoff Frequency of the Low-pass Filter as a Function of 
Open-loop Cain K for Four Degrees of Droop at the End of a 250-ps Period 

(One-half Period at 2 .0  KHz) 



SECTION IV 

DIRECT FM TRANSMITTER CONFIGURATIONS 

To achieve the center  frequency stability required,  0.005 percent ,  
some f o r m  of c rys t a l  control is essential. The re  are th ree  basic  approaches 
to realizing this  frequency control in direct FM t e lemet ry  transmitters. 

The simplest approach uses a voltage-controlled c rys ta l  oscil lator 
(VCXO) that  is capable of providing the center  frequency stability while 
allowing frequency modulation. This sys tem,  however, has  fundamental 
limitations; these  will  be discussed. 

In the  second basic approach, the objective is t o  allow the use of 
a relatively unstable voltage-controlled oscil lator (VCO) but a l s o  attempting 
to "swamp out" the instability in the output frequency by employing a 
crystal-control led osci l la tor  whose frequency is mixed with the VCO 
frequency. The s u m  of the two frequencies es tabl ishes  the output frequency. 
The l a r g e r  the ratio of the crystal-oscil lator frequency to the VGO 
frequency, the m o r e  dependent the output frequency stability becomes 
on the crystal-osci l la tor  stability and the less dependent it becomes on 
the VCO stability. This sys t em h a s  i ts  limitations, as will  be seen. 

- 

The th i rd  approach uses  a n  unstable VCO operated with a n  automatic- 
frequeficy-control (AFG) feedback loop. Of the t h f e e  approaches,  this  is 
the only one capable of meeting the performance requirements  for this  
t ransmi t te r .  Nine variations of the AFC sys tem are considered in this 
section. 

A. DISGRIMINATOR AFC 

One of the oldest and s implest  techniques used for AFC is shown in  
Figure 9 .  The VCO output and the reference osci l la tor  output are  mixed to 
derive a difference frequency. This difference frequency is then compared 
with the center  frequency of the discriminator, and  a n  e r r o r  voltage is 
developed and fed back to the  VCO. The feedback is negative and the circui t  
functions to  reduce the  discrepancy between the difference frequency and 
the discr iminator  center  frequency. The arrangement  is simple and effec- 
tive, within l imits.  The l imitation is due to the dependence of the controlled 
var iable  on the tolerance a n d  stability of the discr iminator  center  frequency. 

The re ference  signal developed by the crystal-controlled osci l la tor  
can  be made to  fall within *O. 001 to  &to. 002 percent  of the des i r ed  frequency 
without oven control,  including the combined effects  of the  initial manu- 
facturing tolerance,  long-term drif t ,  and shor t - t e rm instability. This  is 
two o r d e r s  of magnitude less than the  combined tolerance and stability 
effects associated with the discr iminator  center  frequency. (Crys ta l  
d i scr imina tors  are not applicable because of the i r  nar row bandwidth. ) 

- 
' 
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Figure 9 .  Discriminator AFC -FM Transmi t te r  

F o r  this  reason,  it is essent ia l  that the influence of the discr iminator  on the 
average  frequency of the VCO be minimized. This  may be accomplished 
simply by choosing the reference frequency close to the unmodulated output 
frequency of the VCO. This makes  the difference frequency small and  the 
center  frequency of the discr iminator  low, thus reducing the effect of 
inaccuracies  in the center  frequency of the discr iminator  on the output 
frequency of the VCO. This  situation may be investigated with the aid of 
F igure  10. 

In F igure  10A, V(s) represents t h e  modulating voltage applied to the 
VCO; K1 is the VCO constant expressed in radians/second/volt  input, and  
f2, is the uncompensated center  frequency of the VCO. The output f requency 
no is subtracted f r o m  the reference frequency nr in  the mixer and added 
t o  the center  frequency of the discriminator nd. The polarit ies shown are, 
of cour se ,  for  negative feedback a n d  a s sume  low side injection; f o r  example,  
the reference oscil lator frequency is less  than the output frequency. The 
discr iminator  conversion constant (shown as the block labeledK2) is expressed  
in vol ts / radian/second input. The t ransfer  function K3G( s) r ep resen t s  the 
low-pass f i l ter  character is t ic .  The block d iagram of Figure 10B is a 
simplification of the d iagram of Figure 10A. The open-loop gain K is the  
product of KI ,  Kz, and K3. The modulation has  been r e f e r r e d  to  the output 
and is represented  as SIp; th is  is the t ransform of the instantaneous frequency 
component of the output due to the modulation. 

- 
’ 



A.  

Figure 10. Discriminator AFC Loop 

The closed-loop response for the system of Figure 10B i s  

‘& t Qp + KG( S) (nd  t nr )  R, = 
1 i- KG(s) 

With a single section low-pass RC filter,  G(s) i s  given by 

1 /RC 
S t  ( l /RC)  ’ 

G(s) = 

Substituting Equation (29) in Equation (28) and assuming no modulation, the 
steady-state response i s  given by 

where %, Wd, and Wr are all  constants. Equation (30)  may be rearranged to 
yield 



T h e  last t e r m  o n  t h e  right-hand side of Equation (31) i s  the amount bywhich 
the output frequency differs  f rom the desired value,  which is the s u m  of the 
r e fe rence  frequency and discr iminator  center frequency. 

From Equation (30), the effect of the var ious center  frequency 
stabil i t ies may be determined with 

The pr imed var iab les  denote design center  values ,  for  example 

where 

bo is the output frequency stability i n  percent 
bv is the  VGO center  frequency in  percent 
b d  is the  discr iminator  Center frequency in  percent 
6, is the  re ference  oscil lator center frequency in  percent 

Using the r e l a t ions  of Equation (33) in Equation (32), we can  solve f o r  t he  
rat io  of the design center  values  of the discriminator center  frequency t o  
the output frequency in  terms of the *v~ar ious  stability fac tors  and the open- 
loop gain K. The resul t  is 

- 

F o r  the special  case of K-a0 

These two equations are plotted in F igure  11 as a function of the discr iminator  
center frequency stabil i ty for  a requi red  output frequency stability of 0.005 
percent and a re ference  oscil lator stability of 0.001 percent.  

The discr iminator  center  frequency stability probably cannot be held 
c loser  than 0.25 percent including the combined effects of init ial  tolerance,  
ambient tempera ture  changes,  and  long -term aging effects.  Under these 
conditions and with infinite open-loop gain, the ra t io  of the discr iminator  
center  frequency to  the R F  output frequency is 0.016, o r  1.6 percent. 

- Unfortunately, the long-term stability of the VCO is expected t o  be in  this  
same range, 1 to 2 percent. Thus, the combined requirement  dictates the 
need for. a discr iminator  having a bandwidth equal to approximately two times 
the  center  frequency. This  approach is unsuitable fo r  another reason: The 
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for a Reference Oscillator Stability of 0.001 Percent and a 
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Figure 12. Gated Discriminator A F C  -FM Transmit ter  

. discr iminator  is far too low for effective implementation in  integrated 
circui t ry .  F o r  these reasons,  t h i s  simple discriminator AFC w a s  not 
considered fur ther .  

B. GATED DISCRIMINATOR A F C  

The gated discr iminator  A F C  system (Figure 12) is capable of performance 
that is significantly improved over that of the simple discr iminator  AFC system. 
In the improved system, the center frequency stability of the discr iminator  does 
not influence the stability of the outputfrequency. The square-wave generator  of 
Figure 12 alternately switches either the R F  output frequency o r  the reference 
frequency into the l imiter-discr iminator  for equal periods of time. The re ference  
frequency and the discr iminator  center frequency a r e  chosen equal to the desired 
output frequency. 

In the operation of the system, Figure 13, the discr iminator  center  frequency 
fd canbe  different f r o m  the re ference  frequency f r  (F igure  13A). The systemfunc-  
tions to co r rec t  the discrepancy between the outputfrequencyfo and f r  by developing 
the associatedvoltages eo and e r  a t  the output of the discriminator.  Figure 13B shows 
the time waveform resulting f r o m  the square wave-switching. The modulation is 
superimposed on the mean value of the output frequency and thus appears  in the dis-  
criminator output. This signal cannot be used directly a s  an e r r o r  signal because 
of the difference between fd and fr. If, however, the signal is simply ac coupled the 
dc offset is removed (Figure 13C). Finally, the signal is synchronously demodulated 
by a second swi tchdr ivenf rom the square-wave generator. The output of this 
switch (Figure 13D) is then passed through the low-pass filter and applied to 
the VCO. In the case  shown, f, is lower than fo; had the r e v e r s e  been t rue ,  the 
polarity of the error signal of Figure  13D would be negative. 

~ 
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Figure 13. Gated Discriminator .AFC Operation 

This basic  A F C  sys tem has been used in point-to-point microwave 
communications sys tems,  in  Tels ta r5  6 ,  and i n  te lemet ry  t r ansmi t t e r s  7 . 
However, the R F  signals into the l imiter-discr iminator  were  a t  a relatively 
low frequency, around 7 0  MHz. Recent advances in P I N  surface-oriented 
diodes have made it possible to  switch at  S-band; fur thermore ,  these devices 
were  designed for application to  microwave integrated c i rcu i t s .  

The system functions exactly a s  described i n  Section 1II.C with regard  
to  the open-loop gain requirement and low-pass f i l t e r  charac te r i s t ics .  The 
sys tem can be t rea ted  as a linear-feedback control  sys t em because the 
switching rate is much higher than the cutoff frequency of the low-pass 

the modulating signal spectrum. 
. filter. The choice of the switching frequency is, however, dependent on 



1 

.- 

The low frequency content of the modulating signal spec t rum along 
with the open-loop gain and the low-pass filter cutoff frequency place a 
constraint  on the  choice of the  switching frequency. This c a n  be seen  by 
investigating the Four i e r  series of the periodic signal at the  output of the  
disc r iminator .  The squar z-wzve switching function of xnit amplitude can 
be shown to be 

[ 2 ainsn- s 

S(t) = - 1 + 2 cos nwgt  
n- n=l  2 

( 3 4 )  

where  U s  is the square-wave switching frequency in r a d / s ,  and n is the  o r d e r  
of the harmonic.  Based  on the waveform of F igure  1 3 0 ,  which represents  the 
output of the synchronous detector ,  and assuming the modulation to be a 
sinusoid of frequency f,, the  output of the d iscr imina tor  i s  

where  

W m  is the frequency of the modulating sinusoid in r a d / s  
edc is the dc value of the error  voltage 
Am is  the  amplitude of the detected sinusoid. 

The problem arises when (urn - nus) becomes small enough to pass through 
the low-pass f i l t e r  and modulate the  VCO. The amplitudes of the components 
of Equation ( 3 7 )  are shown in F igu re  14. If any  of the lower-order  odd 
harmonics  of the  switching frequency fall near  a significant low-frequency 
component of the  modulation, v e r y  low -frequency modulation of the VGO 
can  resul t .  

Several things can  be done to minimize o r  e l iminate  this effect. First, 
the switching frequency should be chosen  such that none of its odd harmonics  
a r e  near  p r i m a r y  power frequencies  o r  field rates of video signals.  Second, 
a bandpass filter c a n  be used at the  output of the d iscr imina tor  designed to 
pass  the fundamental of the  switching frequency and suppres s  the harmonics .  
Finally, the switching waveform c a n  be designed to  el iminate  the  harmonics;  
f o r  instance,  a sine-wave switching function could be  used .  This  is not 
normally done s ince it places an added constraint  on the matching of diodes 
used in the switch. 

The extent of the  problem can  be determined by a n  analysis  of the 
effect these  spurious signals have on  t h e  modulated output of the  t r a n s -  
mitter. In F igu re  15A the  spurious signal Uq is represented  as being 

- 
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Figure  14. Relative Amplitudes of the Spectral  Components 
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Figure  15. Gated AFG Loop for 
Study of Spurious Output 

summed into the sys tem a t  the input 
of the discriminator.  The notation of 
Figure 15 is the same as that used in  
Figure 4. Thus, a s  far a s  the effect 
on the output is concerned, the simple 
diagram of F igure  15B may be used. 
Taking G ( s )  f r o m  Equation (1 2), we 
obtain the t ransfer  function 

where the substitution 03 = l / R C  has 
been made and 9 is the 3-dB cutoff 
frequency of the low-pass filter i n  
rads /s .  The significant pa r t  of the 
spurious signal as given i n  Equation 
(37) is 

r sin n- 
2 

n- 
2 

cos (%l - nws)t (39) wq = 
lr 

In Equation (39), since the ratio of 
modulating signal to spurious signal 
is desired,  the amplitude of the 

33 



.- 

spurious signal has been normalized to the amplitude of the modulating signal, 
which is the first term in the braces of Equation (37). When the indicated 
operations a re  performed on Equations (38) and ( 3 9 ) ,  the resulting steady- 
state component is found to be 

for K >> 1. From Equation (40), the relative attenuation of the spurious Signal 
is seen to be 

fo r  n odd only. Equation (41) is plotted i n  Figure 16, whicfi shows that beat 
frequencies produced between the modulation frequency and harmonics of 
the switching frequency must be relatively high if significant spurious signals 
are to be avoided in the output. For  example, with f3 = 0.01 Hz and K = 500, 
beats between a modulation frequency and the third harmonic of the switching 

for a 60-dB spurious level. The effect of beat frequencies produced by the 
* frequency must be a s  high a s  106 Hz for a 40-dB spurious level and 1060 HI. 

- higher-order harmonics of the switching frequency is, of course, less. 

The need for a low switching frequency is evident. It is also likely, 
depending upon the baseband characteristics, that a bandpass filter should 
be used between the discriminator output and the synchronous detector to 
limit the response to the fundamental of the switching frequency and the 
narrow spectum around the fundamental. 

Despite this problem the gated AFC system offers several advantages. 
Among these a re  freedom from discriminator center frequency stability 
effects, the need for only one frequency multiplier, and single crystal 
control-some of the systems to be discussed subsequently in this section 
require two crystals. 

would be considered a problem. Recent advances in  semiconductor technology, 
however, have resulted in the availability of P I N  surface-oriented diodes 
designed for use with microstrip in integrated circuitry. These diodes appear 
to be ideally suited for this switch. In addition, a microstrip approach to the 
S-band discriminator is available, the bandwidth of which can be made broad 
enough to cover a telemetry band. Discriminators operating in the low MHz 
region are  not compatible with the fabrication requirements of integrated 
circuits. 

The R F  switch used at the input to the limiter discriminator normally 

. For these reasons, the gated discriminator AFC system wil l  be further 
investigated in  the next phase of this program. Further analysis of the system 
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Figure 17. Voltage-controlled Crystal Osci?!aior Fivi Transmitter 

will be done based on VCO stability studies, which determine the open-loop 
gain required, and novel techniques of contructing low-pass filters having 
complex transfer functions designed to provide a stable loop while providing 
greater attenuation of the low-frequency response. These two factors determine 
the level of spurious signal generation in  the output of the transmitter, 

C. VOLTAGE-CONTROLLED CRYSTAL OSCILLATOR 

Except for the voltage-controued crystal oscillator F M  transmitter 
{Figure 17), all of the direct methods of producing frequency modulation 
require some form of automatic frequency control for achieving 0.005- 
percent stability. Although the basic stability of the crystal oscillator is 
-degraded when operated as  a VCXO, bec iwe  sf thc detiiriing necessary to 
allow modulation, 0. 005 percent i s  readily obtained. This is especially 
true when the deviation percentage is small. 

duces into the feedback path a series-resonant circuit consisting of a coil and 
a variable-capacitance diode. The effect of this series circuit is to displace 
the series resonance above o r  below the series-resonant frequency of the 
crystal alone. This phemonema is shown in  Figure 18, for  which the inductive 
reactance is larger. The frequency of oscillation is lowered and, thus, further 
removed from the crystal antiresonant frequency.' 

A simple method for deviating a crystal-controlled oscillator intro- 

The addition oi this circuit has created a second reactance zero at  f2. 
The loop gain at  this frequency can be reduced by placing a tuned amplifier in 
the forward path. 

In telemetry applications F M  distortion is a very important consideration. 
At low modulation frequencies the static linearity is a good measure of F M  
distortion. The frequency response cutoff i s  determined by the RC network 
used to apply the modulating voltage to the variable capacitance diode. When 
the modulating frequency is above a few kilohertz, there is another source 
of F M  distortion due to the spurious response of the crystal, In particular, 
the crystal must be completely free of unwanted modes in a region corre- 
sponding to the generated F M  spectrum. As an example, consider a 30-MHz 

, VCXO with a linear characteristic over a i75-KHz deviation range (Figure 19). 
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If the F M  spectrum is confined to this region, the F M  distortion will  be 
comparable to the static departure from a straight line. If this unit were 
to be modulated at a rate of 50 KHz, however, F M  distortion will occur 
as the 100 KHz second-order FM sidebands become significant, for example, 
for deviations greater than about 25 KHz. FM distortion at  high rates depends 
upon the level of the nearby modes of the crystal and reaches a maximum 
whenever an FM sideband frequency happens to coincide with the crystal 
spurious mode, 

Operation of the crystal in the region below its series-resonant 
frequency is the technique used with most VCXO's. As the deviation require- 
ment is increased, it becomes necessary to work the crystal further away 
from its series-resonant frequency, the result being that the stability 
suffers. It i s  important that the frequency not be deviated too close to the 
series-resonant frequency of the crystal, since in this region the linearity 
is poor. Less difficulty is encountered with spurious modes when funda- 
mental mode crystals a r e  used rather than overtone cryst'als. However, 
the penalty for using fundamental mode crystals is that greater frequency 
multiplication is required to achieve the final output frequency, 

Greater stability is achieved in another way by operating the crystal 
- at its series-resonant frequency, Centering the frequency swing at the series- 

resonant point results in frequency stability almost equal to the crystal itself, 
even for  relatively wide deviations. Wi th  proper crystal and circuit design, 
scperior linearity in addition to high stability can be obtained. The crystal 
must be designed for  VCXO service; otherwise, the modulation will be 
severely distorted. 

Because of spurious modes of operation in  the crystal, the R F  spectrum 
must be limited. In the past, the spectrum had to be limited to i-50 KHz from 
the rest frequency of the oscillator. Recent advances by manufacturers of 
crystals have yielded experimental crystals that can be operated in  oscillator 
circuits at  frequencies in the range of 30 to 35 MHz with spectrums as  wide 
as 600 KHz and distortion of no more than 5 percent. These a re  experimental 
crystals; production crystals capable of i300 KHz a re  readily available. 

Even with the experimental units and very small deviation ratios, how- 
ever, the VCXO approach cannot be used when the baseband response extends 
to 1 MHe, the current requirement. Regardless of how low the deviation 
ratio is made, the first-order sidebands wi l l  exist out to *1 MHgfar beyond 
the deviation rates available. 

D. HETERODYNE FREQUENCY STABILIZATION 

The heterodyne system (Figure 20)  is an old technique that has been used 
extensively. The stability of the signal at the output of the crystal-controlled 
oscillator is much greater than the stability of the signal at  the output of the 
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Figure 20. Heterodyne FM Transmittek 

VCO. The ratio of these two must be made large so that the output may be 
made more dependent on the stable source rather than the unstable source. 

The output frequency is the multiplied s u m  of the two sources: 

where 

w0 is the output frequency in radsls 
W, is the crystal-controlled oscillator frequency in rads/s 

is the VCO center frequency in rads/s  

With Equation (42) the effect of the various center frequency stabilities can 
be determined with 

The primed variables denote design center values; for  example, 

where 

6, is the output frequency stability in percent 
6c is the crystal oscillator frequency stability in percent 
6, is the VCO frequency stability in percent. . 

Substituting Equation (44) in Equation (43), we obtain 



Equation (45) is plotted in  Figure 21 for a typical VCO stability range 
and for crystal-oscillator stabilities of 0.001 and 0.002 percent. The ratio 
required is high. Even for a crystal-oscillator stability of 0. 001 percent and 
a VCO stability of 0.5 percent, fc  must be 125 times f,. 

Unfortunately, other considerations also govern the choice of mixing 
ratio. Since the baseband response extends to 1 MHz, the VCO frequency 
spectrum will be at  least 2 MHz wide and the center frequency of the VCO 
must be 10 to 20 MHz. The high mixing ratio places the outpiit of the m* i wer 
in the i- to 2-GHz range, eliminating the need for  a multiplier following 
the mixer. But when this is done, the full  deviation (1.5 MHz) must be 
achieved in the VGO. It was  previously shown that the bandwidth required 
for the fully deviated baseband is 8 MHz. The necessary 1 percent linearity 
can be obtained once again only by raising the center frequency of the VCO. 
At this point it is interesting to note that with good VCO stability (0.5 percent) 
the center frequency of the VCO cannot exceed 20 MHz if.the output stability 
of 0.005 percent is to be maintained at 2 GHz. Thus, in this case, the 
heterodyne technique cannot be used. This basic approach to stabilization 
is, in general, not useful when the stability of the output is required to be 
more than an order of magnitude less than the VCO stability. 

E. QUADRATURE AFC 

The configuration represented in Figure 22 has been used in receivers 
a s  a frequency acquisition circuit. The system functions to control the trans- 
mitter output frequency to the reference frequency produced by the crystal 
oscillator and its multiplier. The output of the multiplier is mixed with the 
incoming VCO frequency in one mixer; a second mixing takes place with the 
multiplier output shifted 90 degrees. The outputs of the two mixers a re  in 
quadrature and contain a difference frequency term and a s u m  frequency 
term. The two low-pass filters remove the sum term. One of these signals 
is then differentiated to produce a signal proportional in amplitude to the 
difference between the output frequency and the .reference frequency, and 
that signal is then synchronously detected with the output of the other mixer. 
The output of the product detector contains a dc term and a component at 
twice the difference of the reference frequency and the transmitter frequency; 
the latter is removed by the low-pass fi l ter  feeding the VCO. The dc term 
is proportional in amplitude and sign to the desired difference frequency. 
In Figure 22, the signals existing a t  those points designated by circled 
numerals are: 

@ A, cos wot 
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Figure 22. Quadrature AFC -FM Trahsmitter 

@ y  AoAr sin[(wr - ~ 0 ) t  t 61 (49) 



The major  problems in this  sys tem center  around implementation of the 
differentiator and maintenance of the 90-degree phase shift through the sys tem 
t o  the product detector. F o r  te lemetry systems the total allocation in a given 
frequency range is on the o r d e r  of 5 to 10 percent.  A branch-line hybrid (easily 
constructed in mic ros t r ip  form) can  be used for bandwidths this narrow,  
allowing operation anywhere in the band. Phase  shift,  nonetheless,  c a n  be 
introduced into the sys t em in the mixers and other components. Fortunately, 
the sys tem degrades slowly fo r  small variations in the phase shift; that is, the 
output as given by Equation (53) is multiplied by the cosine of the error phase 
afigl-e, the ~ a l u t :  of which is close to iiiiity fcir stnall error angles.  At i'ne 
required bandwidth, the differentiator m u s t  produce the derivative of the 
input signal over  a frequency range of th ree  decades,  which is the range of 
the uncompensated VCO frequency t o  its compensated value. The t h r e e  decades 
of frequency range produce a voltage range of 60 dB at the output of the 
differentiator. A brief investigation of integrated c i rcu i t  operational ampli-  
fier differentiators has  shown that the noise level c a n  be held t o  about 90 dB 
below the maximum output, thus providing a sufficient margin  ove r  the 
requirement.  

This par t icular  sys t em has the fundamental capability of meeting the 
basic t ransmi t te r  specification for frequency stability. Its problems center  

- around the difficulty of implementing the  circui t  functions required.  For 
this  reason,  this  sys tem will  be investigated fur ther  in the next phase of 
the program. 

F. PULSE DISCRIMINATOR AFC 

The pulse discr iminator  AFC system (Figure  23) is basically a pulse 
c i rcui t  implementation of the quadrature AFC sys t em jus t  discussed. As 
shown in F igure  23 ,  some  of the t ransmi t te r  output is fed t o  the buffer 
amplifier, which in tu rn  applies this  signal t o  the two mixers. The c rys t a l  
oscil lator dr ives  the mult ipler ,  the output of which is the re ference  frequency. 
This re ference  signal is a l s o  applied to the two mixers, one of the signals 
first being passed  through a 90-degree phase-shift network. In the output of 
the mixers, the s u m  terms are filtered, leaving only the difference frequency 
terms. Limiting operations are then performed on these two outputs. 

and negative z e r o  c ross ings  of one of the limited signals.  These  two pulse 
t ra ins  are summed separately with the other l imited signal to produce the 
outputs shown as E and F in the diagram. A s  a resu l t  of t h e  bias  level  s e t  
on the diode summing junction, and the phase relationship of the difference 
frequency outputs of the m i x e r s ,  one o r  the other  of the signals at E and F 
contains pulses  which exceed the bias level. Which of the two outputs is 
active is determined by the  sign of the difference frequency, for example,  
whether the re ference  frequency is above or  below the VCO frequency. The 

re ference  a n d  VCO frequencies.  The pulses are then integrated to provide 

The phase spli t ter  and the  differentiator develop pulses at the positive 

- frequency of the output pulse rate is equal to the difference between the 
. 
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--' - an e r r o r  signal proportional to the difference frequency, with .the polarity 
determined by the sign of the difference. 

Since difference frequencies on the order of 20 to 50  MHz will be 
present at  the output of the mixers, video bandwidths of 500 MHz will be 
required for  circuitry having the square waves and the differentiated zero 
crossings of the square waves. This is, of course, a transient condition 
that exists only when the transmitter turns on, but it is obviously an impor- 
tant condition. After the initial transient condition the AFC loop is in 
operation and the difference frequency is greatly reduced. A t  thie time 
the difference frequency is relatively low and actually.falls within the same 
band of frequencies as the modulation. Under these conditions, noise 
produced by the pulses can be picked up by other circuitry and also produce 
modulation. 

When this system is compared to the quadrature AFC system described 
previously (the two are conceptually similar), the pulse discrimisator is 
seen to require wide video bandwidths and to operate with'small rise-time 
signals that a r e  capable of producing considerable noise in the range of the 
baseband. Neither problem exists in the quadrature AFC circuit. 

- G. DUAL-OGCILLATOR AFC 

A wide variety of techniques can be used for center frequency control. 
In the block diagram of Figure 24, two crystal oscillators and their associated 
multipliers a r e  used to develop control frequencies equally spaced above and 
below the desired output frequency. When the VCO frequency is mixed sepa- 
rately with these two control frequencies, difference frequencies a r e  produced 
which, if the VCO frequency is the correct value, will be equal. With the 
VCO off frequency, the difference frequencies at  the outputs of the mixers 
a re  unequal; the difference frequencies are then limited to the same voltage 
level and differentiated to produce a t ra in  of pulses. The difference frequen- 
cies a re  represented by the pulse repetition rate. Both positive and 
negative pulses a re  present at the output of the differentiator; the negative 
pulses a re  removed by the detector and the two separate positive pulse 
trains a re  fed to a difference amplifier. The output of the difference ampli- 
f ier is then integrated or  low-pass filtered to produce a control signal 
proportional to the difference betweenthe frequencies of the two pulse trains. 
With the output zero, the frequencies of the two pulse trains will be equal 
and the average VCO frequency exactly centered between the two crystal- 
controlled frequencies. 

The AFC control characteristic for  this system is shown in Figure 25. 
Note that, unlike a discriminator control characteristic, the output does not 
fall back to zero volts for frequencies beyond the discriminator peaks; instead, 
a control signal remains, but proportional control is lost. Proportional control 
is maintained for VGO frequencies off the design center value of plus and 

- minus one half the difference of the two reference frequencies as rrhown in 
Figure 25. 
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Figure 25. AFC Characteristic for Dual Oscillator AFC System 

This system, although conceptually simple, has a number of drawbacks. 
Firs t ,  two crystals a r e  required to control the reference frequencies; a single 
crystal could be used, but the multiplication ratios required would be very 
large. Next, two multipliers a r e  needed and these a re  difficult in integrated 
circuitry so systems using only one multiplier a r e  preferred. Since the 
multipliers will be operating near the same frequency, the percentage differ- 
ence is small, and they must be well isolated from each other. Finally, the 
limiter, differentiator, detector chains must be nearly identical for accurate 
control of center frequency. Small differences in the limiting amplitudes of 
the two limiters, the time constants of the differentiators, or the thresholds 
of the detectors will produce an e r ror  in the center frequency control point. 

- 
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In spite of these problems this system will  be investigated from a circuitry 
standpoint in the next phase of the contract. 

H. DUAL-OSCILLATOR SINGLE-MIXER AFC 

Two of the problems associated with the previously discussed dual- 
oscillator A F C  are eliminated in the configuration of Figure 26. The func- 
tioning of this system is similar to that of the dual-oscillator AFC. In this 
case, only one difference frequency is produced; the reference frequency is 
controlled by crystal oscillator number 1. Crystal oscillator number 2 pro- 
duces a second reference frequency which is equal to the difference between 
the correct output frequency and the reference frequency. In this arrange- 
ment, a multiplier and mixer have been eliminated and only one of the 
crystals need be changed with center frequency change. Since only one 
difference frequency is produced and it is referenced to a fixed "bias" 
frequency, the system has regions of positive feedback a! shown in 
Figure 27. These occur on either the high side of the output center frequency 
or the low side, depending upon whether the reference is above or below the 
center frequency, respectively. Proportional control is available for VCO 
frequencies which a re  off center frequency by no more than the difference 
between the reference frequency and the output center frequency. This fre- 
quency difference is also equal to the frequency of crystal oscillator number 2. 

oscillator AFC, the requirement for balanced limiters, differentiators, 
and detectors remains. In addition, an undesirable AFC characteristic has 
been introduced. Other configurations offer greater promise and do not 
require two crystals, which a re  large components compared to the other 
components in microwave integrated circuits. 

Although this system has eliminated some of the objections to the dual 

L DUAL-OSCILLATOR GATED AFC TYPE I 

The system of Figure 28 is essentially a gated version of the dual- 
oscillator AFC system of Figure 24. The square-wave generator is operated 
at a very low frequency and performs the function of sampling the two 
frequency differences that alternately occur at the output of the mixer. A 
second switch, also controlled by the square-wave generator, gates the 
pulses at  the output of the detector alternately into the two inputs of the 
difference amplifier. In this way the output of the integrator following the 
difference amplifier is a control voltage proportional to the .difference 
between the VCO frequency and the average frequency of the two reference 
frequencies . 
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The improvement in this system over the dual-oscillator system of 
Figure 24 is in the elimination of a mixer, limiter, differentiator, and 
detector. This is a significant improvement, since the balancing of these 
two chains in the dual-oscillator AFC is a major disadvantage of that system. - 
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Still, the requirement for two crystal-controlled oscillators, both of which 
must be changed with changes in the assigned frequency, and two multipliers 
is a disadvantage. 

In addition, spurious signal generation exists due to harmonics of the 
switching frequency beating with the lower modulation frequencies. This 
problem is discussed in Section IV. B in connection with the gated discrimi- 
nator AFC system. This system may be compared with the gated discriminator 
AFC system of Figure 12, and when this is done, it is seen that the discrimi- 
nator used in that system has been eliminated at the cost of a mixer and an 
additional multiplier and crystal oscillator. 

J. DUAL-OSCILLATOR GATED AFC,  TYPE II 
In the system of Figure 29, one of the multipliers has been eliminated. 

Crystal oscillator number 2 operates at a low frequency equal to the difference 
of the output center frequency afid the reference frequency at  the output of 
the multiplier driven by crystal oscillator number 1. This system is a gated 
version of the dual-oscillator single-mixer AFC system shown in Figure 26. 
Its advantage over the system of Figure 26 is that it does not require the 
balancing of two limiter, differentiator, and detector chains. Its advantage 
over the Type I system, discussed in  the previous subsection and shown in 
Figure 28, is that one multiplier has been eliminated and only one crystal 

. need be changed with changes in the assigned frequency. The spurious 
problems associated with the switch remain, however, and the poor AFC 
control characteristic shown in Figure 27 and discussed in Section IV. H 
also applie s her e. 

K. VOLTAGE-CONTROLLED CRYSTAL OSCILLATOR AFC 
---- - 

Although a voltage-controlled crystal oscillator cannot be used for  the 
modulator-frequency control function in this transmitter a s  discussed in 
Section N. C (because of the high modulation frequencies involved) it can be 
used to advantage in an AFC system. This use is shown in Figure 30. In 
effect the VCXO has replaced the two-crystal system of Figure 28 and the 
need for two multipliers has been eliminated. 

The spurious response problem associated with switching oscillators 
can be minimized in this system, since it is not necessary to modulate the 
VCXO with a square wave and thereby generate a spectrum around the two 
extreme VCXO frequencies consisting of the harmonics of the switching 
waveform. F o r  example, square-wave integration that can be performed 
with integrated circuit operational amplifiers will yield a triangular wave- 

- form with no even harmonics and with greatly reduced odd harmonics compared 
to the spectrum of a square wave. This minimizes the amplitude of the beat 
frequencies occurring between the lower modulation frequencies and the 
harmonics of the switching waveform. The ueb of a triangular waveform - 
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Figure 30. Voltage-controlled Crystal Oscillator Gated AFC-FM Transmitter 
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for  modulating the VCXO also degrades the operation of the A F C  loop, primarily 
in the sense of altering the open loop-gain, which is not a serious objection. 

This system has the desirable AFC characteristic shown in Figure 25. 
To provide an adequate control characteristic when the transmitter is first 
turned on and the VCO is considerably off frequency, it is necessary to have 
the peak-to-peak frequency deviation of the VCXO large, on the order of 
2 percent. Although great advances have been made in the percentage of 
deviations attainable with VCXO's in  recent years, 1 -percent peak-to-peak 
deviation is about the maximum currently available. Furthermore, the 
center frequency stability is poor when deviations this large a re  required. 
Without oven control, 0.01 percent stability is all that can be provided over 
any reasonable temperature range. In addition, large percentage deviations 
a re  only available with fundamental mode crystals. This limits the crystal 
oscillator frequency to about 30 MHz and forces greater multiplication than 
would be required with other A F C  systems that can use overtone crystals. 

In the next phase of the program, further investigation of this use of 
VCXO's will be made. Probably, the poor center-frequency stability will 
remain a problem and the system will not prove useful in this application. - 
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SECTION VI 
I 

I CONCLUSION 
I 

The next study task to be performed is concerned with the analysis of 
the technical parameters of the various components and techniques used in 
the EM telemetry transmitter systems selected under this study task. More 
t-Mn one basic system is being carried forward for analysis in the next phase 

plished in a short time by concentrating the investigation on specific trouble- 
spots in  the designs. To avoid pre-emptionof the results of the next study task, 
no attempt was made to eliminate all but one of the basic systems in this phase 
of the program. The results of this study, however, have minimized the 
number of circuitry investigations that will be required and have prevented 
the possibility of a detailed circuitry investigation of a babic system that 
would not, regardless of the implementation, meet the performance 
specifications. 

of the program. It is expected that the selection of one system will be accom- ~ 

I 
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LIST OF SYMBOLS 

amplitude of detected sinusoid 

bandwidth of filter 

dc value of the error voltage 

discriminator output, e r ror  voltage 

bit frequency, bits / s  

highest modulating frequency, Hz 

modulating frequency, Hz 

transfer function, low-pass filter 

VCO constant, radians /second/volt 

disc riminator constant, volts / radians /second 

dimensionless: includes gain/loss of amplifiers, 
frequency converter, filter and summing junction 

multiplying factor 

modulated wave 

. 

phase -modulated wave 

order of harmonics 

square -wave switching function 

modulating signal 

amplitude distortion 

phase angle 

maximum phase shift 

relative attenuation 

peak frequency deviation 

peak deviation 

discriminator center frequency stability, percent 

output frequency stability, percent 

reference oscillator center frequency stability, 
percent 

VGO center frequency stability, percent 



. 

instantaneous phase difference 

peak phase deviation 

3-dB cutoff frequency for low-pass filter, 
equal to l/RG 

crystal -controlled oscillator frequency , 
radians/ second 

design center frequency for crys tal-contr olled 
oscillator, radians/second 

highest modulating frequency , radians / second 

instantaneous frequency , radians / second 

lowest modulating frequency, radians / second 

modulating frequency, radians/seiond 

output frequency, radians/second 

design center output frequency, radians/second 

steady-state component of the instantaneous 
frequency due to modulation 

steady-state component of spurious modulation 
signal 

open-loop component of the instantaneous frequency 
due to  modulation 

spurious modulation component 

refer enc e frequency, radians / second 

frequency of spurious signal, radians/second 

square -wave switching 'frequency, radians / s econd 

VCO center frequency, radians/second 

design center frequency for VCO, radians/second 

transform of center frequency disc riminator, 
radians / s ec ond 

transform of output frequency, radianelsecond 

transform of closed-loop component of instantaneous 
frequency due to modulation 

transform of spurious signal component in output 

transform of open-loop component of instantaneous 
frequency due to modulation 



transform of spurious modulation component 

transform of reference frequency, radian8 /second 

transform of center frequency VCO, radiane/eecond 

. 


